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ABSTRACT 

Ulcerative colitis and Crohn's disease are the two entities of chronic inflammatory bowel 
diseases (IBD). One of the main pathogenic mechanisms is probably a dysregulated immune 
response triggered by products of the enteric bacterial flora. The goal of this study was to 
evaluate the effects of the p38 mitogen-activated protein kinase (MAPK) inhibitor SB203580 on 
inflammatory responses using the DSS-induced experimental colitis model in mice reflecting 
human IBD. We found that SB203580 improved the clinical score, ameliorates the histological 
alterations, and reduces the mRNA levels of proinflammatory cytokines. In addition to p38 
kinase activity, the "classical" and the "alternative" NF-kB pathways were also strongly 
activated during colitis induction. All three pathways were drastically down-regulated by 
SB203580 treatment. An analysis of the molecular basis of NF-kB activation revealed that Rip- 
like interacting caspase-like apoptosis-regulatory protein kinase (RICK), a key component of a 
pathway leading to NF-kB induction, is also strongly inhibited by SB203580. Since RICK is an 
effector kinase of NOD2, an intracellular receptor of bacterial peptidoglycan, these results 
support the notion that NOD signaling could play a pivotal role in the IBD pathogenesis. Thus, 
RICK could represent a novel target for future therapies in human IBD. 
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Ulcerative colitis and Crohn's disease are inflammatory bowel diseases (IBD) of unknown 
etiology characterized by chronic relapsing inflammation of the gastrointestinal tract due 
to a dysregulated mucosal immune response (1). Beside a genetic predisposition and 
environmental factors (1-2), either nonpathogenic intestinal flora or nonidentified pathogenic 
bacteria seem to play a pivotal role during the initiation process of inflammation (3-6). 

Dextran sulfate sodium (DSS)-induced colitis in mice shows reproducible morphological 
changes, which are very similar to those seen in patients with ulcerative colitis. These 
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pathologies include predominant left-sided colonic inflammation, prominent regeneration of the 
colonic mucosa cells with dysplasia leading to colon cancer, shortening of the large intestine, 
focal crypt damage, and frequent lymphoid hyperplasia in both biological systems (7, 8). DSS 
induces primary effects on epithelial cells and has been shown to inhibit the proliferation and 
regeneration of mouse epithelial cells in vitro (8). This enables the contact between cells of the 
innate immunity with bacteria of the bowel (8, 9), an event that has been proposed to be a crucial 
initiation step in the pathogenesis of human IBD (3, 6). 

On the molecular level, p38 is assumed to be a major mediator of inflammation in IBD (10). p38 
is a member of the mitogen-activated protein kinase (MAPK) family, which are ubiquitously 
expressed serine-threonine kinases playing important roles in various signal transduction 
pathways in mammalian cells (11, 12). p38 becomes activated during treatment of cells with 
proinflammatory cytokines, such as interleukin ip (IL-ip), tumor necrosis factor-a (TNF-a), 
transforming growth factor-p (TGF-p), as well as CD40 ligand (13). It has been demonstrated 
that p38 mediates phosphorylation of transcription factors, thereby regulating gene expression 
and the induction of cytokine production (14). p38 is activated by dual phosphorylation on 
Thrl80 and Tyrl82 by the upstream MAPKs MKK3 and MKK6. MKK3 is especially important 
for TNFa-induced p38 activation (15) and for the p38-mediated synthesis of IL-12 and IFN-y 
(16), key cytokines in the pathogenesis of IBD. 

The p38 gene has been localized to the major IBD susceptibility region 3 on chromosome 6 (10, 
17, 18). A role for p38 as an IBD susceptibility gene has not yet been proven since there are 
other candidate genes that may ultimately explain a genetic association to this IBD locus. p38a 
shows the strongest increase in kinase activity among the MAPKs within the inflamed intestinal 
mucosa of IBD patients (10, 19). Thus, p38 has been suggested to play a key role in intestinal 
inflammation, cytokine production, and T cell activation in IBD (20). Various animal models 
suggest that p38 inhibitors such as SB203580 attenuate disease activity, mortality or reduced — at 
least partially — proinflammatory cytokine concentrations (21-23). Therefore, p38 is a promising 
candidate for targeted inhibition in acute and chronic inflammation. Recently, a pilot study 
investigating the efficacy of the combined p38 and JNK inhibitor CNI-1493 in patients with 
Crohn's disease showed indeed a significant clinical improvement in moderate to severe active 
disease (19). 

NOD2 is presently the only independently confirmed susceptibility gene linked to CD (24, 25). 
The NOD2 protein is a key component of the innate immune system and encodes an intracellular 
receptor for bacterial peptidoglycan (26). Carriers of mutations in the NOD2 gene have an up to 
42-fold increased risk in developing Crohn's disease (24, 25). NOD2 mutations are predisposing 
for a more youthful onset of Crohn's disease (27) and a relation between NOD2 genotype and 
phenotype of Crohn's disease and recently of ulcerative colitis was noted (28, 29). The clearance 
of Salmonella typhimurium is highly increased in cells expressing wild-type NOD2, whereas 
cells transfected with mutated NOD2, as detected in patients with Crohn's disease, were unable 
to clear the bacteria (30). Further, in vitro studies have demonstrated the functional importance 
of NOD signaling for induction of NF-kB activation (30). 

The transcription factor NF-kB plays a pivotal role in the regulation of immune response, 
apoptosis, and inflammation (31). NF-kB is a homo- or heterodimer consisting of p65 (RelA), 
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RelB, c-Rel, p50, and p52 in almost any combination. The classical pathway of NF-kB activation 
induced by multiple proinflammatory signals proceeds through IkB kinase (IKK)-mediated 
phosphorylation of cytoplasmic NF-kB inhibitors, the IkBs. This site-specific phosphorylation is 
a prerequisite for IkB ubiquitination and the subsequent degradation of this inhibitor by the 26S 
proteasome. Recently, an alternative activation pathway for NF-kB, based upon the NF-kB 
inducing kinase (NIK)/IKKa-dependent processing of pi 00 to p52 was described (32-34). This 
pathway preferentially leads to the formation of p52/RelB heterodimers, which are important for 
adaptive immunity, synthesis of homing chemokines, and for the normal development of 
lymphoid organs (35, 36). In particular, RelB seems to control inflammatory responses, since 
RelB-deficient mice display a phenotype with multiorgan inflammation and multifocal defects in 
the immune response (37, 38). 

In this study, we investigated the impact of the p38 inhibitor SB203580 using a murine DSS- 
induced colitis model of increasing and resolving inflammation in vivo. SB203580 inhibited p38 
activity as well as the classical and alternative pathways of NF-kB activation. We demonstrate 
that RICK is a molecular target of SB203580. The inhibition of RICK is probably the main 
mechanism of NF-kB inhibition by SB203580, resulting in decreased levels of proinflammatory 
cytokines in the bowel. Thus, we identified RICK as a new target for the treatment of IBD. 

MATERIALS AND METHODS 

Animals and induction of colitis 

Female BALB/c mice (6-8 weeks old) -19-22 g in body weight were obtained from Harlan- 
Winkelmann (Borchen, Germany) and given ad libitum access to water and standard rodent food. 
Mice were weighted and randomized into groups of 7. Clinical assessments and histological 
scoring of colitis were performed in a blinded fashion. Experiments were performed after >3 
days following arrival of the animals. Colitis was induced by replacing normal drinking water 
with water containing 3% DSS (molecular weight 40 kD; Sigma, Deisenhofen, Germany) for 7 
days as indicated. DSS supplementation was stopped after day 7. Treatment with 5 jimol 
SB203508/kg body weight in 200 ^il 0.9% NaCl solution was given i.p. twice daily beginning 60 
h after DSS treatment and continuing until death. For control experiments, bowel tissue was 
analyzed from (1) completely untreated animals, (2) animals receiving vehicle injections (3% 
DMSO), or (3) mice receiving SB203580 (Calbiochem, Schwalbach, Germany) injections in the 
same manner, respectively. 

Clinical and histological analysis 

Daily weight, physical condition, stool consistency, water/food consumption, and the presence of 
gross and occult blood in excreta and at the anus were determined (Haemocare, Care 
Diagnostics, Vorde, Germany). The colitis score was calculated by assigning scores of these 
parameters resulting in the disease activity index (DAI), according to the system of Hartmann et 
al. (39). The following parameters were used for calculation: 1. weight loss (0 points=0% weight 
loss from baseline, 1 point=l-5% weight loss, 2 points=5-10% weight loss, 3 points=10-20% 
weight loss, 4 points=more than 20% weight loss); 2. stool consistency (0 points=normal, 2 
points=pasty/semiformed stool that did not adhere to the anus, 4 points=liquid); 3. bleeding (0 
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points=negative hemoccult test, 2 points=positive hemoccult test, 4 points=gross bleeding). The 
sum of this score was divided by three resulting in the total DAI ranging from 0 (healthy) to 4 
(maximal activity of colitis). Animals were killed by CO2 inhalation at day 3, 5, 7, 10, and 13 
(n=7 in each group per day). After sacrifice, the colon was quickly removed, opened 
longitudinally, and gently cleared of stool. Subsequently, samples of colonic tissue were either 
fixed in 4% buffered formalin, embedded in paraffin and 4-|im-thick serial step sections were 
stained with hematoxylin-eosin (HE) or snap-frozen in liquid nitrogen in OCT embedding 
medium and stored at -80°C until usage. Histological scoring was performed semiquantitatively 
in HE stained sections as described by Dieleman et al. (40), grading inflammation (0 
points=none to 3 points=severe), extent (0 points=none to 3 points=transmural), regeneration (0 
points=complete regeneration or normal tissue to 4 points=no tissue repair), crypt damage (0 
points=none to 4 points=entire crypt and epithelium lost), and multiplied by the involvement, 
respectively (0 points=none to 4 points=76-100%). 

Blood sampling 

Blood (-0.4 ml) was drawn intracardially and mixed with 50 |ul of 0.5 M EDTA. Blood samples 
were subjected to differential blood cell count analysis. 

Extraction of total RNA and quantitative RT-PCR 

A gut specimen obtained 5 cm proximal to the anus was used for extraction of total RNA using a 
recently described method (41). For each animal, 1 \xg of total RNA was transcribed into cDNA. 
Quantitative real-time RT-PCR was performed in an iCycler (BioRad, Munich, Germany). The 
30 |il reaction mixture consisted of 15 jal HotStarTaq™ Master Mix, 1.2 yil of the RT-reaction, 
0.3 nl SYBR-Green I (1:10000; Molecular Probes, Eugene, OR USA), and 0.5 ^M of the 
specific primers (TIB Molbiol, Berlin, Germany). Initial denaturation and activation of Taq- 
polymerase at 95°C for 15 min was followed by 40 cycles consisting of 1) denaturation at 94°C 
for 30 s, 2) annealing at 60°C for 45 s for p-actin, TNF-a, IFN-y, IL-lp, IL-2, IL-4, IL-12p35, 
IL-18, at 55°C for IL-10, and at 66°C for IL-12p40), and 3) elongation at 72°C for 30 s. The 
fluorescence intensity of the double-strand specific SYBR-Green I, reflecting the amount of 
actually formed PCR-product, was read real-time at the end of each elongation step. Specific 
initial template mRNA amounts were calculated by determining the time point of a standard 
curve (artificial units). P-actin mRNA amounts were used to normalize the cDNA contents of the 
different samples. In addition, an aliquot of the PCR reaction mixture was separated on a 1 .8% 
agarose gel and stained with ethidium bromide. 

The following primers were used for the RT-PCR analysis: p-actin: forward primer (fw): 
TGGAATCCTGTGGCATCCATGAAAC, reverse primer (rev): TAAAACGCA 
GCTCAGTAACAGTCCG; TNF-a: fw: GGCAGGTCTACTTTGGAGTCATTGC, rev: 
AC ATTCG AGGCTCC AGTG A ATTCGG ; IFN-y: fw: AGCGGCTGACTGAACTCAGA 
TTGTAG, rev: GTCACAGTTTTCAGCTGTATAGGG; IL-lp: fw: TCATGGGATG 
ATGATGATA ACCTGCT, rev: CCC ATACTTTAGG AAG AC ACGG ATT; IL-2 : fw: 
TGATGGACCTACAGGAGCTCCTGAG, rev: GAGTCAAATCCAGAACATGCCGC AG; IL- 
4: f\v: CGAAGAACACCACAGAGAGTGAGCT, rev: GACTCATTCATGGTGC 
AGCTTATCG; IL10: fw: ACCTGGTAGAAGTGATGCCCCAGGCA, rev: CTATGCAG 
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TTGATG AAG ATGTC A AA; IL 1 2p35 : fw: GCAAG AGAC AC AGTCCTGGG, rev : 
TGCATCAGCTCATCGATGGC; IL 1 2p40: fw: GAGGTGGACTGGACTCCCGA, rev: 
CAAGTTCTTGGGCGGGTCTG; IL1 8: fw: GCAAGCTTCGCTCTTCTGTCTACTGA 
ACTTCGG, rev: GCTCTAGAATGAGATAGCAAATCGGCTGACGG. 

Protein extraction from the gut 

For total protein preparation, gut specimens obtained 3-4 cm proximal from the anus were snap- 
frozen in liquid nitrogen and stored at -80°C until extraction of protein. Specimens, were 
homogenized in 1 ml ice-cold lysis buffer containing 0.5% Nonidet P40 (Sigma), 0.5% Triton 
xlOO, 10% (v/v) glycerol, 50 mM TRIS (pH 7.5), 5 mM EDTA, 0.1 M NaCl, 10 mM K 2 HP0 4 , 
0.5% deoxycholic acid (DOC, Sigma), 20 mM NaF, 0.1 mM PMSF, 20 mM glycero- 
phosphate (Sigma), 1 mM Na3V0 4 , and protease inhibitor cocktail (Boehringer/Roche, 
Mannheim, Germany). The lysate was centrifuged (14.000 rpm, 4°C) for 15 min and the 
supernatant was transferred to a new tube. Total protein content was analyzed using the 
Advanced™ protein assay (Tebu, Offenbach, Germany). Finally, samples were aliquoted and 
stored at -80°C until usage. 

For the cellular subfractionation of proteins, tissue was carefully homogenized so that many 
viable single cells were obtained and resuspended in 1 ml ice-cold TBS buffer, centrifuged (10 
min, 800 g, 4°C), and washed in buffer A (10 mM HEPES pH 7.9, 10% glycerol, 10 mM KC1, 
0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 1 mM Na 3 V0 4 , 10 mM NaF, 
protease inhibitor cocktail). After centrifiigation, the pellet was resuspended in 0.2 ml buffer A 
and 2 \xl 12.5% (v/v) Nonidet P40 was added, briefly incubated on ice, and centrifuged (10 min, 
800 rpm, 4°C). The supernatant was used for cytoplasmic analyses. The pellet was washed again 
in buffer A. After centrifiigation, pellets were resuspended in 40 (il buffer C (20 mM HEPES pH 
7.9, 400 mM KC1, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 1 mM Na 3 V0 4 , 10 
mM NaF, protease inhibitor cocktail) and incubated on a shaker for 1 h at 4°C. Subsequently, 
samples were centrifuged (10 min, 13,000 g, 4°C), the supernatant (nuclear protein extract) was 
transferred to liquid nitrogen, and stored at -80°C until usage. 

SDS-PAGE and immunobiotting 

Protein concentrations were determined for all whole cell, cytoplasmic, and nuclear extracts, and 
proteins were analyzed by SDS-PAGE and immunobiotting as described previously (42). 
Immunoblots were developed using enhanced chemiluminescence (ECL, Amersham-Pharmacia 
Biotech, Inc., Piscataway, NJ) according to the manufacturer's instructions. Since ERK1/2 
expression was unchanged during the course of inflammation, ERK1/2 was chosen as a loading 
control. The following antibodies were used to detect the respective proteins: ERK1/2, p38, and 
p65 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho-IKKa (Cell Signaling, 
Frankfurt, Germany), p52 and plOO (Upstate/Biomol, Hamburg, Germany), and RICK (Abeam, 
Cambridge, MA, USA). 

Immunofluorescence microscopy 

To identify the cell types where p38 and MKK 3/6 are activated, immunohistochemical studies 
were performed using gut specimen obtained 3-4 cm proximal to the anus. Cryosections were 
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fixed in acetone for immunofluorescence microscopy. After washing in PBS, nonspecific 
binding was blocked with 1% bovine serum albumin (BSA) for 1 h before the addition of 
primary antibody. Rabbit phospho-p38 antibody or phospho-MKK 3/6 antibody (10 |ig/ml, 
respectively) were added to the slides and incubated for 1 h at room temperature in a humid 
chamber, respectively. Sections were incubated with 1 |ig/ml rabbit IgG as a negative control. 
After repeated washing with PBS, the sections were incubated with a FITC-conjugated goat anti- 
rabbit antibody for 1 h. The sections were washed again in PBS and mounted in Vectashield 
media (Vector Labs, Burlingame, CA, USA). 

In vitro kinase assays 

RICK and p38 activity were analyzed in an in vitro kinase assay using 0.2 mg protein of lysate 
incubated with anti-RICK or anti-p38 antibodies (1 jag/sample) by permanent shaking for 3 h at 
4°C, respectively. Immune complexes were recovered using 50 )iL of a 50% protein A- 
Sepharose bead suspension (Amersham Biosciences, Braunschweig, Germany) and incubated for 
90 min at 4°C in a permanent shaker. Subsequently, immunoprecipitates were washed six times 
in the same lysis buffer and incubated with 1.5 \xg of myelin basic protein (MBP) for the RICK- 
assay or 1.5 |ug ATF-2 for the p38-assay in 20 ^1 kinase buffer (20 mM HEPES pH 7.6, 2 mM 
EGTA, 20 mM MgCl 2 , 1 mM Na 3 V0 4 , 1 mM DTT, 0.1% Triton X-100, 0.25 mM ATP) for 30 
min at 30°C. Samples were suspended in loading buffer and subjected to SDS-PAGE. ATF-2 
and the antibody against phospho-ATF-2 were obtained from Cell Signaling (Frankfurt, 
Germany). Dephosphorylated MBP and antibody against phospho-MBP were purchased from 
Upstate/Biomol (Hamburg, Germany). 

Statistical analysis 

The data are expressed as mean values ± SE. Significant differences among treatment groups and 
controls were assessed by ANOVA and a Bonferroni-Dunn procedure as a post hoc test. 
Statistical significance of the difference between drug-treated and vehicle-treated groups was 
established at a probability of P < 0.05. 

RESULTS 

SB203580 reduces the disease activity index of DSS-induced colitis in mice 

Initial studies using MAPK-inhibitors like SB203580 in patients with IBD refractory to standard 
medication were very promising, since most patients showed clinical improvements and were 
still in clinical and histological remission after six months (19). We were interested in studying 
the molecular mechanisms of this therapeutic effect in an animal model for intestinal 
inflammation. The well-established murine model of DSS-induced colitis (7) is commonly used 
to screen pharmacological agents (8). The disease activity index (DAI) provides a well- 
characterized scoring system to quantify disease severity that correlates with histological healing 
(43). Treatment of mice with SB203580 was started 60 h after DSS supplementation when the 
first signs of colitis were notable. The maximum of colonic inflammation developed at day 7 
according to the DAI and the progression of colitis was markedly reduced by SB203580 
treatment as reflected by a lower DAI ( Fig. IA) . After termination of DSS administration (day 7), 
clinical parameters slowly improved in animals not receiving SB203580 treatment. This 



Page 6 of 23 

(page number not for citation purposes) 



improvement was markedly enhanced in SB203580 treated animals (Pig. IX) . Both, control 
animals without DSS treatment receiving either no (n=\0) or peritoneal vehicle (3% DMSO) 
injections at the same time points as the SB203580 treated animals (n=\0) showed no signs of 
colitis and were therefore considered as one group. Analysis of weight loss, daily food and water 
consumption revealed a significantly reduced intake of food from day 7 to day 10 in nontreated 
vs. the SB203580-treated mice. As a consequence, these mice also had a lower weight reduction 
(Fig- IB). 

Differential white blood cell count revealed a dramatic increase of monocytes and granulocytes 
in the peripheral blood after induction of colitis starting at day 5 with a maximum at day 7. 
Monocytes were significantly reduced between day 5 and 13 in the SB203580-treated animals, 
whereas peripheral granulocytes were significantly higher in nontreated mice ( Fig. lO . 

SB203580 reduces the histological disease score of DSS-induced colitis in mice 

Next, we evaluated the histological parameters of experimentally induced colitis and the effects 
of SB203580 (7 animals/day/treatment group). Treatment of mice with DSS produced a mild 
colitis after three days with multiple erosive lesions and inflammatory cell infiltrations. The 
maximum of colitis with ulcerative lesions was notable after seven days ( Fig. 2A < upper panel). 
SB203580 treatment clearly reduced the impairment of the glandular architecture and the 
infiltration of macrophages, lymphocytes, and occasional eosinophils and neutrophils between 
day 3 and 7 ( Fig. 2A « lower panel). Starting at day 3, the histological signs of colitis as reflected 
by a lower histological score were reduced in SB203580-treated mice ( Fig. 2B ). The resolution 
of inflammation was significantly faster in the SB203580-treated group after discontinuing DSS 
feeding. 

SB203S80 inhibits pro-inflammatory cytokines 

The cytokine profile is the decisive parameter of any inflammatory process. Cytokine synthesis 
is regulated by p38 and other signaling pathways. Thus, we examined the mRNA expression of 
TNF-ot, IFN-y, IL-2, IL12-p35, IL-18, and IL-10 in the bowel tissue (7 animals/day/treatment 
group) using real-time quantitative PCR. These experiments showed that mRNA concentrations 
of proinflammatory cytokines strongly increased at day 3 and reached a maximum at day 7 (IFN- 
y, IL-18, and IL-12 p35J or at day 10 (TNF-oc). SB203580 drastically down-regulated mRNA 
levels of these cytokines ( Fig. 3 ). 

Only a moderate increase was notable for the mRNA level of IL-2, which was not significantly 
suppressed by SB203580. In contrast, SB203580 significantly up-regulated the anti- 
inflammatory cytokine IL-10 between days 5 and 10 after colitis induction ( Fig. 3 ). Treatment 
with SB203580 alone in control animals had no discernible effect compared with vehicle 
treatment. 

SB203580 inhibits p38 activity in mononuclear and plasma cells of the lamina propria 

Using phospho-specific antibodies, we analyzed the activity of p38 MAPK, as well as the 
upstream kinases MKK3/6 in inflamed bowel tissue by immunofluorescence microscopy. p38 
(Fig. 4A ) and MKK3/6 (data not shown) were only activated in mononuclear and plasma cells of 
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the lamina propria. In general, the severity of inflammation detected by immunohistological 
analysis correlated with the clinical score in SB203580-treated and nontreated animals. No 
lesions or signs of inflammation were observed in control mice. 

SB203580 targets only the ATP binding of p38 but does not interfere with p38 phosphorylation 
(44). Jo correctly assess the activity of p38, we immunoprecipitated this MAPK from bowel 
tissue protein extracts and performed an in vitro kinase assay using ATF-2 as a substrate 
followed by immunoblotting with phospho-specific ATF-2 antibodies. A strong increase of p38 
activity was detected after day 3 with a maximum between days 5 and 10. This activity was 
strongly inhibited by SB203580 during the course of colonic inflammation (Fig. 42? ). 

SB203580 inhibits the classical and alternative NF-kB pathways 

In addition to p38, NF-kB is an important regulator of genes encoding cytokines and their 
receptors. SB203580 inhibited these cytokine genes in murine bowel tissue. Therefore, we 
wanted to examine whether SB203580 had also an effect on NF-kB activation in our animal 
model of intestinal inflammation. Cytoplasmic and nuclear extracts were prepared from bowel 
tissue. First, we analyzed the phosphorylation of IKK, IkBcc degradation, and the nuclear 
translocation of p65 by immunoblot analysis. These parameters served as a readout for NF-kB 
activation. We found a statistically significant peak of IKKa/p-phosphorylation and of IkBcc- 
degradation at day 7 after the start of DSS feeding (Fig. 5,4 ). In addition, nuclear translocation of 
p65 showed the same kinetics as IkBoc degradation ( Fig. 5B ). Both observations indicate a 
maximal NF-kB activation at days 5 to 7. Surprisingly, SB203580 inhibited IkBo. degradation 
and p65 translocation, respectively, indicating that SB203580 is not only specific for p38 MAPK 
but has also other targets involved in NF-kB activation. 

We further analyzed the alternative pathway of NF-kB activation involving pi 00 processing to 
active p52. We performed immunoblot analysis using antibodies recognizing both, the pi 00 
precursor as well as the p52 product. This NF-kB activation pathway was also activated during 
DSS-induced colitis. Furthermore, the plOO processing was strongly blocked by SB203580 
treatment (Fig. 50 . This indicates that SB203580 has an inhibitory effect on both NF-kB 
activation pathways. 

To analyze putative targets of SB203580, which exert a role in NF-kB activation, we studied 
molecular components regulated by NOD proteins. Activation of NOD, intracellular receptor 
proteins for bacterial peptidoglycan, plays a crucial role in the pathogenesis of IBD (26) by 
triggering intestinal inflammation (3-6). RICK is a critical downstream kinase of NOD2 and 
regulates IKKa finally leading to NF-kB activation (45). Therefore, we assessed RICK activity 
during our experimental colitis induction. Immunoprecipitated RICK from protein extracts 
derived from bowel tissue phosphorylates MBP in an in vitro kinase assay ( Fig. 5Z> ). Those 
assays indicated that RICK is dramatically activated during development of experimentally 
induced ulcerative colitis. Activation of RICK can be almost completely inhibited by SB203580 
treatment of the mice (Fig. 5P ). Thus, on the basis of our data, the inhibition of RICK by 
SB203580 may be responsible for the efficient suppression of NF-kB activation and the release 
of proinflammatory cytokines. 
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DISCUSSION 



The main goal of this study was to analyze the impact of SB203580 upon inflammation in a 
murine model of IBD. DSS-induced colitis in Balb/c mice is used as a model system for the 
respective human inflammatory bowel disease. Crypt abscesses and colitis with epithelial 
neoplasia leading to colon cancer underline the relevance of this animal model for human 
ulcerative colitis (7, 8). Further, DSS-induced colitis in mice has a high value in assessing the 
efficacy of therapeutic agents commonly used in the treatment of colitis. All therapeutically 
beneficial substances in human IBD were also shown to reduce the disease activity in this mouse 
model (8, 43, 46, 47). DSS has to be removed after day 7 otherwise mice die due to loss of blood 
and fluid. 

Many lines of evidence suggest that p38 plays a pivotal role in the pathogenesis of IBD. p38 
inhibitors are among the most promising substances in the treatment of gastrointestinal 
inflammation (1, 19). We were able to demonstrate a clinical improvement of DSS-induced 
colitis as reflected in the DAI and the histological disease score in mice treated with SB203580. 
Again, the mouse model can be regarded to be accurate for assessing SB203580 effects since 
clinical improvement induced by this inhibitor started before removal of DSS. However, a recent 
study did not show uniformly beneficial effects of SB203580 in trinitrobenzene sulfonic acid 
(TNBS)-induced colitis (23). This might be at least partly due to the inability of SB203580 to 
inhibit TNF-a synthesis at the rather low concentration used in this study. A second explanation 
for the differences might be variations in the susceptibilities of different Balb/c mice strains to 
chemically induced colitis (48). 

TNF-a is the most important cytokine in the pathogenesis of IBD, and it is regulated by p38 
(49). It has been shown that the AU-rich elements in the 3' untranslated region of the TNF-a 
gene are necessary for p38-mediated regulation. Mice develop inflammatory bowel disease and 
inflammatory arthritis when these AU-rich regions are deleted in the genome resulting in an 
increased TNF-a expression (50). p38 inhibitors suppress TNF-a synthesis in wild-type mice, 
whereas AU-rich element deleted mice did not respond to the drug (51). In our experimental 
model, we could confirm that SB203580 down-regulates TNF-a expression in mice as well as 
other proinflammatory cytokines with the exception of IL-2 (15, 51-53). In contrast, expression 
of the anti-inflammatory cytokine IL-10 is up-regulated by SB203580. In general, SB203580 
appears to induce an anti-inflammatory response in the inflamed bowel tissue. 

We analyzed the impact of SB203580 on p38 MAPK and NF-kB and found that both are 
dramatically activated during the development of colitis ( Fig. 6) . As expected, treatment of the 
mice with SB203580 resulted in a strong inhibition of p38. However, p38 was not the only target 
of SB203580-mediated inhibition. The colitis-induced activation of NF-kB, a potent 
transcription factor regulating cellular immune responses and inflammation (31) was also 
strongly down-regulated by SB203580 treatment. This inhibition was not only observed for the 
classical NF-kB activation pathway based on the signal-induced proteasomal degradation of the 
IkBs (54), but was also detected for the more recently discovered so-called alternative mode of 
NF-kB activation characterized by the NIK/IKKa-mediated processing of the pi 00 precursor to 
active p52 (32-34, 55). plOO processing preferentially generates a subset of NF-kB dimers, 
mainly p52/RelB, distinct from the dimers generated by the classical NF-kB activation. Thus, the 
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two processes leading to NF-kB activation might have different functions. Recent studies using 
transgenic mice indicate that the alternative activation pathway of NF-kB initiates immune 
responses connected to the adaptive immunity, increases chemokine concentrations, and the 
susceptibility to inflammation in general (35-38). Future studies are necessary to assess the 
differential contribution of the two activation pathways to IBD pathogenesis. 

The finding that the alternative process of NF-kB activation is induced in the course of 
inflammation associated with IBD and that this activation can be suppressed by SB203580 were 
unexpected. Another study using epithelial cells demonstrated that SB203580 had no effect on 
IL-ip-induced NF-kB activation (56). IL-1 -triggered NF-kB activation uses intracellular 
signaling different from the NOD/RICK pathway analyzed in our study. IL-1 -receptor-driven 
signaling involves MyD88 and TRAF6 as the main mediators of intracellular signaling but not 
NOD. It is very improbable that the inhibitory effects of SB203580 on both NF-kB activation 
pathways are indirect, for example, mediated by the decrease of cytokines as a result of p38 
inhibition. Cytokine synthesis is not regulated by p38 alone. NF-kB is always involved in the 
regulation of proinflammatory cytokine genes. The more likely explanation would be that 
SB203580 has a broader range of target protein kinases. Our data strongly suggest that 
SB203580 directly or indirectly suppresses kinases involved in NF-kB activation. Candidate 
target protein kinases for such an SB203580-mediated inhibition could be NIK and the IKKs, 
which are involved in both the classical and the alternative mode of NF-kB activation. As 
demonstrated in this study, the activity of the IKKs was indeed down-regulated following 
SB203580 treatment of the mice. One strong candidate for a target of SB203580-mediated 
inhibition is the serine/threonine protein kinase RICK. We focused our studies on this kinase for 
three reasons: 1) As shown by a very recent proteome-wide study, RICK is a high-affinity target 
of SB203580 (57); 2) RICK is known to interact with and activate IKKa (45); and 3) RICK is a 
prominent effector kinase of NOD proteins (26), which represent intracellular receptors of 
bacterial peptidoglycan and are assumed to play a pivotal role in IBD pathogenesis (24-26). 
RICK, like p38 and NF-kB, was strongly activated in the course of experimentally induced 
colitis, and this activation was also drastically reduced by SB203580 treatment of the mice. 
Functional studies demonstrate that NOD2 mutations result in failure to activate NF-kB (25). 
However, experimental evidence that carriers of these NOD2 mutations have decreased NF-kB 
activation is still lacking. Furthermore, one might assume that different pathogenic pathways 
contribute to an inappropriate immune response in patients with IBD because the majority of 
those patients have no such mutations and all patients with IBD have strongly increased NF-kB 
activation (58). Since RICK is so far the only accepted effector kinase regulated by NODI (45), 
we can assume also an activation of RICK by NOD2 recognizing the homology of NODI and 
NOD2. Our findings indicate that a pathway triggered by bacteria involving NOD proteins as 
well as RICK, which finally leads to NF-kB activation, might play a pivotal role in IBD 
pathogenesis. However, further studies are necessary proving the assumption that NOD proteins 
in ulcerative colitis-associated NF-kB activation are definitively involved. Furthermore, RICK 
might be a promising new molecular target to inhibit inflammation associated with IBD. Since 
all conventionally used drugs for anti-inflammatory therapy of ulcerative colitis 
(aminosalicylate/sulfasalazine, steroids) target NF-kB (59, 60), specific RICK inhibitors might 
be a new therapeutic option either as primary therapy or as a therapeutic alternative in refractory 
courses of inflammation after standard therapy. However, the exact molecular signal 
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transduction sequence(s) leading to NF-kB activation in Crohn's disease and the importance of 
NOD-associated CARD proteins like RICK are not fully understood so far and need to be further 
analyzed in future studies. 

Taken together, SB203580 reduced the severity of the intestinal inflammation corresponding to 
improved clinical performance. Investigating the underlying molecular mechanisms, SB203580 
was shown to significantly reduce proinflammatory cytokines at the transcriptional level 
probably due to a significant inhibition of p38 and the classical as well as the alternative 
pathways of NF-kB activation. The inhibitory effect of SB203580 on NF-kB could be, to a large 
extent, mediated by RICK inhibition. Therefore, the p38 inhibitor SB203580 is acting on 
different signal transduction pathways. 
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Fig. 1 
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Figure 1. Effect of SB203508 on DSS-induced colitis. A) Colitis was induced in Balb/c mice by oral administration of 
3% DSS for 7 days followed by a 6-day observation period. Values are means ± SD of 7 animals/group/day. Results for 
DSS-administered mice with SB203508 treatment were compared with mice without SB203580 treatment (*/ > <0.05). 
B) Schematic presentation of daily water and food intake as well as weight loss of the mice over the experimental period. 
Values are means ± SD of 7 animals/group/day. Results for DSS-administered mice with SB203508 treatment were 
compared with mice without SB203580 treatment (*/ > <0.05). C) Differential blood cell counts were measured after 
intracardially drawn blood immediately obtained after sacrifice. Values are means ± SD of 7 animals/group/day. Results 
for DSS-administered mice with SB203508 treatment were compared with mice without SB203580 treatment (*P<0.05). 
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Figure 2. Influence of SB203580 on histological alterations in DSS-induced colitis. A) Bowel tissue from Balb/c mice 
after DSS-induced colitis without {upper panel) and with SB203580 administration {lower panel) were fixed in 3% 
formaldehyde and stained with hematoxylin/eosin (HE). The DSS-induced damages of the mucosa in mice not treated 
with SB2O3580 were seen starting at day 3 and showing extensive ulcerations at day 7. DSS administration was 
discontinued after day 7 resulting in a resolution of inflammatory infiltrates mainly associated with a diffuse infiltration of 
mononuclear cells, plasma cells, and granulocytes. Treatment with SB203508 reduced mucosal injury, edema, and 
infiltration of inflammatory cells in the colonic bowel The histology of the distal large intestine in the control group 
without and with daily i.p.-injections of SB 203508 revealed normal. (HE-staining, magnification x20). B) Histological 
scoring was performed semiquantitatively in HE-stained sections. Values are means ± SD of 7 animals/group/day. Results 
for DSS-administered mice with SB203508 treatment were compared with mice without SB 203580 treatment (*P<0.05). 
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Fig. 3 
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Figure 3. SB203580 inhibits proinflammatory cytokine mRNA expression. Descendent colon was removed from 
untreated mice (control), DSS-fed, and DSS-fed plus SB203580-treated mice. The tissue was homogenized in Trizol as 
described in Materials and Methods. Amounts of colonic cytokine mRNAs were quantified using real-time RT-PCR. 
Values are means ± SE (n=7 mice/group/day, *P<0.05 DSS-fed mice with vs. without SB 203580 treatment). 
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Figure 4. SB203580 inhibits p38 activation in mononuclear- and plasma cells. A) Immunofluorescence microscopy 
of the descendent colon was performed using FITC-coupled phospho-specific antibodies against p38 (see Materials and 
Methods) in non-DSS exposed animals (left/Od) and in mice fed with DSS for 3 days (right/3d). p38 activity was only 
observed in mononuclear- and plasma cells of the lamina propria. B) p38 was immunoprecipitated from protein extracts of 
the descendent colon of untreated (control) or DSS-fed Balb/c mice that were either pretreated with SB203580 or left 
untreated (n=7 mice/group/day). The immunocomplexes were subjected to an in vitro kinase assay using ATF-2 as 
substrate followed by immunoblotting with an anti-phospho- ATF-2 antibody. To control equal loading, immunoblotting 
with p38-specific antibodies was performed. All results are representative of three independent experiments. 
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Figure 5. SB203580 inhibits NF-kB and RICK in DSS-induced colitis. A) Protein extracts from the bowel of DSS- 
treated Balb/c mice were analyzed by immunoblotting using phospho-specific IKK and IkBoc antibodies. Mice (n=l 
mice/group/day) were either left untreated or administered with SB203580 for the indicated time. To control equal 
loading, blots were reprobed with ERK 1/2 antibody. Cytoplasmic (c) and nuclear (n) protein extracts were prepared from 
bowel tissue and immunoblotted with p65 (B) or pl00/p52 specific antibodies (Q. Protein concentration was measured 
for the subcellular protein extracts as described in Materials and Methods. Additionally, the filters were reprobed with an 
ERK 1/2 antibody as a loading control (data not shown). (D) RICK was immunoprecipitated with RICK-specific antibody 
from whole cellular extracts of bowel tissue from DSS-fed Balb/c mice which were either treated or untreated with 
SB203580 (n=7 mice/group/day). The immunocomplexes were subjected to an in vitro kinase assay using MBP as 
substrate for RICK-dependent phosphorylation followed by immunoblotting with antiphospho-MBP antibody. To control 
equal loading, the blots were reprobed with RICK antibody. All results are representative of three independent 
experiments. 
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Figure 6. Schematic model of inflammatory pathways inhibited by SB203580. Oral administration of DSS induces 
ulcerative colitis in mice. This triggers p38 MAPK activity via the upstream kinases MKK3/6 and NF-kB activation via 
the "classical" IicB-dependent and "alternative" pathway based on processing of pi 00. The activation of both pathways is 
mediated by the IKK complex. RICK is a kinase upstream of IKK, which is able to activate the IKK complex. RICK 
activity is also induced upon colitis induction. SB203580 inhibits p38 MAPK, as well as RICK activity. Suppression of 
RICK leads to down-regulation of NF-kB. The solid arrows indicate direct activation of downstream targets, and the 
dotted arrows indicate indirect or not yet defined activation processes. 
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